Abstract-There is a great need for silicon microelectrodes that can simultaneously monitor the activity of many neurons in the brain. However, one of the existing processes for fabricating silicon microelectrodes-reactive-ion etching in combination with anisotropic KOH etching-breaks down at the wet-etching step for device release. Here we describe a modified wet-etching sidewall-protection technique for the high-yield fabrication of well-defined silicon probe structures, using a Teflon ® shield and low-pressure chemical vapor deposition (LPCVD) silicon nitride. In the proposed method, a micro-tab holds each individual probe to the central scaffold, allowing uniform anisotropic KOH etching. Using this approach, we obtained a well-defined probe structure without device loss during the wet-etching process. This simple method yielded more accurate fabrication and an improved mechanical profile.
an optimal value, which include the linear prediction (LP) filter model order and the truncation dimension. Complicated procedures have been proposed to choose these two parameters in the original publication, which rely on a simplified matrix perturbation model to determine the noise threshold and a separate LP analysis has to be performed to ascertain the noise variance. The reconstruction dimension for the MCP filter is determined using statistics obtained from a run-time SVD decomposition. This procedure does not depend on any particular assumption. The better performance as well as the robustness and easiness of its parameter determination are advantages of MCP as compared to DCT filter.
One novelty of the MCP filter is that it is motivated from treating the filtering problem as an empirical data-driven modeling of ECG and its associated parameter estimation. In this sense, the MCP filter serves as an example of deriving new forms of ECG subspace filters. From the results presented in the paper, the most important further development concerning MCP filter should probably be directed at improving the robustness of DTW of two noisy ECGs and exploring the distance between two aligned ECGs to handle the different morphological beats in MCP modeling. The necessity of the former effort is evident since the ideal MCP filter achieved comparable results as the GF and was more robust to the degree of heart rate variability. The later is also important since the occupance of abnormal beats in real ECG is not uncommon.
Finally, the present form of MCP filter only explores the temporal redundancy within a single lead ECG. It can be expanded to a multiple lead scenario without difficulty. Indeed, the modification of a MCP model to a multilead-multicycle (MLMC) one may be the key for the discovery of critical hidden dynamics in a noisy environment.
I. INTRODUCTION
Silicon neural-probe technology has become one of the most important emerging technologies in BioMEMS applications since Wise et al. first described a photoengraved silicon probe [1] . A number of neural-probe technologies have been reported for use as advanced neural interfaces in neural prostheses [2] - [6] . These biomedical microdevices offer great promise for treating neurological disease and providing methods for the long-term study of the central [7] - [10] and peripheral [11] , [12] nervous systems. We have previously reported Cross-sectional diagrams of the fabrication procedure using dry-and wet-etching techniques. The box (g) shows flow diagrams of the wet-etching process using Teflon ® sealed to protect one side of the silicon wafer from KOH etchant. Silicon substrate is gray, doped poly-Si used as the conduction line and site is black, and dielectric layers are white.
on the development of a silicon neural probe fabricated by a silicon-etching process combining reactive-ion etching and anisotropic KOH etching in order to control the shank thickness [2] , [13] , [14] . This process was simple and inexpensive, but the product yield was limited by the wet-etching step used to release the devices from the silicon wafer. This paper describes a more effective design and fabrication process for silicon neural probes.
II. MATERIAL AND METHODS
The neural probe was designed so that each device was attached to a central scaffold by a narrow "break-off" micro-tab, as shown schematically in Fig. 1 . This micro-tab is used to hold individual probes to the central scaffold so as to allow uniform KOH etching. Fig. 2 shows a cross-sectional schematic view of the process flow for the neural probe. In the first step, polycrystalline silicon (poly-Si) used as an internal ground layer was deposited on a h100i -oriented, p-type double-polished silicon wafer using a low-pressure chemical vapor deposition (LPCVD) system, at 625 C and 300 mTorr, to a thickness of 3500 A. This layer was then doped with POCl 3 to a concentration of 10 21 cm 03 in a furnace at 950 C [ Fig. 2(a) ]. Triple dielectric layers (SiO 2 , 1000 A; Si 3 N 4 , 2000 A; SiO 2 ; 5000 A) were deposited sequentially on the doped poly-Si layer [ Fig. 2(b) ]. The same type of doped poly-Si layer as described above was then deposited on the dielectric layer, and patterned for recording sites and interconnections [ Fig. 2(c)] . A second set of triple dielectric layers with the same structure was then deposited on top, to be used as insulating layers [ Fig. 2(d)] . A photoresist mask was coated and patterned to permit deep reactive-ion silicon etching.
The deep-silicon etching was performed using the Bosch process, to a depth of 50 m [ Fig. 2(e) ]. This etch depth determines the final shank thickness of the devices. To protect the sidewall of the shaft from anisotropic KOH etchant, LPCVD silicon nitride film was deposited The Teflon ® shield was kept away from the protected side by mechanically pressing the side of the substrate to be protected onto an O-ring set into the main Teflon ® piece. A second Teflon ® piece screwed onto the main piece provides mechanical pressure along the periphery of the wafer, and it has an O-ring that matches the outer O-ring on the main piece. This Teflon ® shield containing the wafer was immersed in a 30%wt KOH solution at 65 C. The silicon on the backside of the wafer was etched until the structure was released [ Fig. 2(h) ]. The Teflon ® shield was peeled off and then the LPCVD nitride film was removed by reactive-ion etching after the wet-etching step [ Fig. 2(i) ].
The electrophysiological performance of the silicon neural probe was verified by performing acute neural recording experiments. The craniotomy techniques are detailed elsewhere [16] , [17] . All animals used for neural recording were treated in accordance with the animal research guidelines of Seoul National University. Sprague-Dawley rats (250 g, n = 5) were anesthetized with urethane (1 g/kg, i.p.) and then mounted on a stereotaxic frame. The silicon neural probe was driven into the target region of the brain using a precision manipulator. A multichannel acquisition system (Plexon Inc., Dallas, TX) was used for extracellular neural recording in vivo. The signals were amplified 10 000-30 000 times, bandpass filtered at 150 Hz to 5 kHz, and stored and analyzed on a personal computer.
III. RESULTS AND DISCUSSION
We developed a process for the high-yield fabrication of a well-defined probe structure using a sidewall-protection technique. A total of 442 neural probes were obtained from a single 100-mm wafer; the shank of each probe was 5-mm or 10-mm long and 50 m2 128 m in cross-section. Each probe has eight recording sites with an edge-toedge spacing of 150 m and 250 m, respectively. Fig. 3 shows a whole wafer containing these probe structures at a high density.
A beam structure with a well-defined depth is required for a neural probe in order to minimize tissue damage during probe insertion. This can be achieved using wet etching, either by time and etch-rate control or by etch-stop techniques. Etch stopping using boron doping is a powerful technique [18] , [19] , but creating a shaft thicker than 15 m is difficult because of limits in the doping depth. We, therefore, used ion-reactive etching and anisotropic KOH etching for bulk silicon micromachining. The inability to use any compensation structures in the mask design with high-density structures makes it necessary to use different processing steps for the formation of sharp corners without any undercut [20] . Anisotropic etching of the probe tip using h100i-oriented silicon without sidewall protection is shown in Fig. 4(a) , in which underetching of the probe sidewall is evident. This problem was solved by employing a sidewall-protection technique using LPCVD silicon nitride. This film is a suitable mask for anisotropic silicon etchant, and provides reliable long-term etch protection. In addition to the sidewall-protection technique, one-side KOH etching using a Teflon ® shield was used while the other side was exposed to the etchant. Using these methods, we obtained a well-defined probe structure without device loss during the wet-etching process, as shown in Fig. 4(b) . The probe tip was tapered to a few microns, allowing easy penetration into the neural tissue. There is minimal tissue response along the sides of shafts that are well sharpened and have a sufficiently small tip angle [21] . Fig. 5(a) shows a 32-channel, four-shank silicon neural probe bonded to a printed circuit board for connection with external recording systems. The recording properties of the neural probe can be determined in vivo by recording the unit neural activity and the amplitude-versus-depth distribution of the evoked potentials [13] , [17] . An extracellular action potential recorded from the somatosensory cortex using a fabricated neural probe is shown in Fig. 5(b) .
The extracellular potential contains spike waveforms from several units with an amplitude above the noise level. The action potentials being recorded at the different sites are clearly from independent adjoining channels.
IV. CONCLUSION
This paper has presented a micro-tab design and sidewall-protection method for anisotropic etching of silicon using LPCVD nitride film and a Teflon ® shield. This technique allows the high-yield fabrication of a well-defined silicon neural probe without any undercutting. Neural probes fabricated by this process showed favorable performance in in vivo acute neural recording. These silicon-based electrode techniques represent an advanced technology for obtaining a high-performance neural interface.
